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Nitrogen Management Related to
Groundwater Quality in Minnesota
JAMES L. ANDERSON, GARY L. MAIZER, GYLES W. RANDALL and GEORGE W. REHM

ABSTRACT-Minnesota ranks fifth in overall fertilizer nitrogen (FN) use. Nitrogen is essential for crop
production; however, there are concerns about this use relative to profitability and potential impacts on
groundwater. There are many sources and sinks of nitrogen in ecosystems. The impact of agricultural
management practices on groundwater requires that all sources and fates be considered before FN rates are
determined. Research is underway to evaluate relationships between FN application for continuous com and
movement of nitrate through soil profiles. Growers making N management decisions have to be able to
evaluate the complex nature of N in the environment when they determine their crop needs. Computer
software is under development to provide this information on a site specific basis.

Introduction
In 1987 farmers in Minnesota used more than 0.56 billion
kilograms ( 1.25 billion pounds) of fertilizer nitrogen
(FN)(l). This places Minnesota fifth in the U.S. in overall FN
use. There are approximately 9.3 million (23 million acres)
hectares of cropland in Minnesota; thus, the average application of FN per hectare of cropland is 64.5 kg. However,
marginal pastureland not normally fertilized is included in
the cropland figure, so the average FN applied to row
cropland is higher. Changes in use of FN over time on a per
hectare basis between 1961 and 1981 are summarized in
Table 1 for five countries (2).
Nitrogen is an essential element in crop production. Soils
do not supply adequate N for high production; therefore FN
is used as a supplement. There are concerns that increased
and inefficient use of FN is contributing to degradation of
groundwater. Environmental concern is not limited to
elevated nitrate concentrations in groundwater aquifers (3)
but includes toxicities resulting from methemoglobinemia
and formation of carcinogenic nitrosamines ( 4), and ozone
depletion in the stratosphere linked to production of nitrous
oxide (N2O) during denitrification (5). Efficient use of FN
inputs is critical to maintain farm profitability. While N is an
essential element to achieve high yields, excess applications
can rob the grower of potential profitability and adversely
affect the environment (6).
The main health effect associated with elevated nitrate
concentrations in ·humans is methemoglobinemia. This is a
condition where the oxygen-carrying capacity of the blood is
reduced. Infants 6 to 9 months old and fetuses are susceptible. The current maximum concentration limit (MCL) for
drinking water is 10 mg of nitrate-N per liter (10 ppm).
Current clinical evidence supports this limit ( 4). Under acidic
conditions, such as found in the human digestive tract, nitrite
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Table 1. Application of Fertilizer Nitrogen (FN) (kg ha- 1 ) on
Agricultural Lll1d in Various Countries.•

Netherlands
Japan
France
USA
Canada
ll

1961-65

1971

1978

1981

125.2
122.3
22.3

175.6
117.7

215.0

263.9

131.6
62.1
21.0
12.3

118.2
69.6

8.1
2.1

46.7
15.2

5.3

23.5
13.8

Source: Water Pollution by Fertilizers and Pesticides, published by
Organization for Economic Co-operation and Development (2).

can form compounds called N-nitrosoamines. These compounds have been found to be carcinogenic in laboratory
animals. At this time, epidemiological studies have been
inconclusive in evaluating any association between nitrate
levels in drinking water and nitrosamine-induced cancer in
humans (4).
Evaluation of the impacts of agricultural practices and land
use on the flow and storage of FN in the environment is
difficult because of the numerous diffuse sources and
transformations. Nitrogen may undergo many reactions, and
rates of transformations in soil vary depending on crop, soil,
and climatic conditions. Decisions farmers make on the use
of FN are difficult stnce each field or area within a field may
require different management to maximize efficiency and
minimize environmental impacts. The complexity of managing N in agricultural systems requires a knowledge of the N
cycle in soils, and the dynamics of N transformations.

Nitrogen Cycle in Soils
The nitrogen cycle is a simplified, convenient description
of the potential sources, sinks, pathways, and transformations
of N in agricultural systems (7, Figure 1). The critical
biological transformations of nitrogen are: 1) immobilization, the assimilation of inorganic nitrogen by plants and
microorganisms to form organic compounds; 2) mineralization, the microbial decomposition of organic N to inorganic
forms; 2a) ammonification, the microbial transformation of
organic-N to ammonium (NH4+); 2b) nitrification, the
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microbial oxidation of ammonium to nitrite (NO2-) and
nitrate (NO3-); 3) denitrification, reduction of nitrate and
nitrite to nitrous oxide (N2O) and nitrogen gas (N2) and 4)
N fixation, the reduction of N2 to NHi+ by biological and
nonbiological transformations. Important chemical reactions
involving soil nitrogen are: 1) ammonia (NH3) volatilization
or sorption, the release or uptake of NH3 by soils or plants;
2) NH4+ exchange, the rapid and reversible release ofN}L+
ions from the soil cation exchange complex and soil to soil
solution; 3) NH4+ fixation, entrapment in the interlayers of
nonexpanding 2: 1 clays and 4) chemical denitrification
( chemodenitrification), the reaction of nitrite with soil acidic
constituents at elevated temperatures to form N2 and N2O (8).
The fixation of N2 by microorganisms, symbiotic and
nonsymbiotic, and N deposition in precipitation constitute
the only major sources ofN to soils under natural conditions
(7). Commercial fertilizers, animal manures, crop residues,
legumes in rotation, and applied industrial/municipal wastes
are supplemental inputs ofN into the agricultural N cycle (9).
Volatile losses of N through denitrification and NH3 volatilization, leaching losses of nitrates past the root zone, and to
a lesser extent surface transport ofNO3-, NH.i+, and organicN are the major mechanisms of nitrogen loss from a system
(7).

Major Nitrogen Management Decisions
Since the nitrogen cycle is so complex, it follows that
farmers generally have incomplete information in making
management decisions that determine ultimate yield and
how much N is available to be leached out of the root zone.
Since crops are not 100 percent efficient in their uptake of
nitrate from soil, there will always be some available to leach.
The challenge is to minimize the amount available. Decisions
on the management of FN are based on several factors. Rate
is determined by the selection of a realistic yield goal based
on past crop and management history. Management of the
rate selected for a given yield goal involves decisions on
method and timing of application, source of N, and use of
nitrification inhibitors. These management decisions are
based on N loss potential and effect on yield.
All of the above must be accounted for in any comprehensive management program. Recommendations for rates of
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Figure 1. The nitrogen cycle in soils is a simplified way to express
the complexity of nitrogen transformations and reactions.
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application received from the University of Minnesota Soil
Test laboratory and most private soil test laboratories are
based on a yield goal selected by growers and adjusted for the
influence of soil organic matter content, previous legume
crops and application of manure or other organic wastes (10 ).
There is no single ideal time to apply nitrogen for crop
production. Decisions are dependent on cropping systems,
soil texture, antecedent soil moisture, and climate. Fall versus
spring application of FN is somewhat controversial because
there are areas in Minnesota where soils and cropping
systems allow fall application without losing yield. However
some N may be lost between fall and spring and be available
for leaching. In "sensitive" soil and geologic areas, such as
coarse textured sands with shallow aquifers and silt loam soils
over creviced limestone bedrock, FN should not be applied
in fall. If loss is minimized, fertilizer sources such as
anhydrous ammonia, liquid 28 percent, and urea have an
equal effect on yield. Nitrification inhibitors are products sold
to reduce loss from ammonium-or ammonium-forming
sources of FN by slowing the conversion of ammonium to
nitrate in soil. These products are of value on any soil where
N loss is a problem. This problem is paramount on coarse
textured sandy soils.
Because of climatic variability, within-field changes of soil
type, and the effects of other management decisions such as
tillage systems and fertilizer placement or yield, good
management decisions are difficult. Table 2 shows the effect
of rates of application on yield for 1987-88 and nitrate
concentration in soil water at a depth of 1.67 m in October
1988 on a Port Byron silt loam in Olmsted County (6). Depth
to creviced limestone bedrock beneath this site is 2.3 m.
Highest yield based on FN input was obtained with 168 kg/
ha of N applied before planting in spring. However, the only
FN rates where nitrate concentrations at 1.67 m were less than
10 mg/Lin October 1988 were with 0 and 84 kg/ha. At these
rates, profitability would likely be reduced. Yields were
greatest with the application of liquid hog manure, but these
treatments exhibited the highest nitrate levels in the soil
water solution. Fall application of FN as anhydrous ammonia
resulted in a nitrate concentration twice as high as spring
applications. Before these conclusions are extrapolated too
far it should be recognized that this study was conducted
during dry weather. These systems need to be evaluated
under more optimum moisture conditions before the full
picture is obtained on how the systems function on a longterm basis for the variety of climatic conditions that growers
encounter.
A similar study is being conducted on an irrigated, coarse
textured soil with a shallow water table (11). The influence
of tillage, rate of application, and use of nitrification inhibitors
on water percolation and nitrate concentration in the soil
solution for an Estherville loamy sand in Pope county has
been evaluated (Table 3).
Corn grain yields were increased with FN rates up to 157
kg/ha for both residue management systems. Dicyandiamide
(DCD ), a nitrification inhibitor, reduced the concentration of
N in the percolating water but did not increase yields.
Maximum corn yields may be obtained at relatively low levels
of FN applications under these conditions. To reduce the
potential for nitrate leaching, the management system should
be as adaptable as possible to adjust for year-to-year climatic
variability. At this and the Olmsted County site there is an
apparent relationship between rate of FN application and
nitrate concentration in soil water.
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Table 2. Effect of FN treatments on com yields and N03 -N concentrations in soil water at 1.67 m for a Port Byron Silt loam in Olmsted
county (6).
Tillage

Treatment
N Rate
kg ha- 1

chisel
chisel
chisel
chisel
chisel
chisel
chisel

0
84
168
252
168
168 + NI•
168 split

No tillage
chisel
chisel

168
196b
258b

Time/Method

Yield
1987-88 Ave.
Mg ha- 1

Nitrate0
concentration
1.67 m
mg L- 1

5.9
spr., preplant
spr., preplant
spr., preplant
fall, post tillage
fall, post tillage
50% spr., preplant
58% SD, 8-leaf
spr., preplant
spr., disked in
spr., disked in

10.0
11.1
10.6
11.0
10.9
10.8

1
6
12
18
24
22
10

11.1
11.6
11.6

14
41
63

• October 1988.
b Estimated "available" nitrogen from application of liquid swine manure at two rates commonly used by growers 61,380 and 88,350 lb ha-1•
N-Serve, nitrification inhibitor.

0

Table 3. Effect of FN treatments on com yield and N03-N concentration in soil water at 1.2 meters for a irrigated Estherville sandy
loam in Pope county (11).
Tillage

clean tillage
clean tillage
clean tillage
clean tillage
no tillage
no tillage
no tillage
no tillage

Treatment Grain Yield
FN Rate 1987-88 Ave.
kg ha-1
Mg ha- 1
0
78
157
157 + DCDb
0
78
157
157 + DCDb

5.5
8.2
9.4
9.3
5.6
8.1
8.9
8.2

Nitrate
concentration
1.2 m
mg L-1•
8
12
26
12
6
14
26
16

Table 4. Effect of rate of FN treatments on corn grain yield at a site
where alfalfa was used in rotation and manure was applied to the
alfalfa on a Port Byron silt loam in Winona county (12).
Treatment
FN Rate
kg ha- 1

0
45
90
134
179
224
269

1986

Grain Yield
Mg ha- 1
1987

1988

13.4
13.9
13.1
13.2
13.0
13.2
13.4

12.4
12.4
12.3
12.5
12.2
11.9
12.3

6.3
7.7
7.8
8.4
8.0
7.6
7.9

• October 1988.
b nitrification inhibitor.

Corn grain yields summarized in Table 4 for a three year
period at a site in Winona County (Port Byron silt loam soil),
where alfalfa had been grown and manure applied to the
alfalfa, demonstrate the residual effects on yield due to
nitrogen available from these sources (12). The first increase
in yield due to FN occurred in the third year of the study
(1988). This indicates that there is a need to make available
to growers "real time" soil tests to tell them how much N is
available for crop production following legumes in the
rotation or application of organic-N. This will reduce current
uncertainties in using credits for manure and legumes to
adjust FN rates.

Nitrogen Loss Potential
From the above discussion it is apparent that when or
whether N is lost to groundwater is a complex question. An
attempt has been made to apply some broad probability
statements about the potential for nitrogen loss based on
climatic factors, soil survey data, and fertilizer management
program (13).
Volume 55, Number 1, 1989

Figure 2 illustrates those areas in Minnesota where climateinduced nitrogen loss might be expected to differ based on
records of yield response. The zonation in Figure 2 results
from an analysis of historical records of precipitation,
temperature, and growing degree days. Variances in monthly
air and soil temperatures and monthly precipitation intensity
were used to categorize nitrogen loss potentials. This
analysis, combined with soil texture information from the soil
survey database, allows statements about the probability of
nitrogen loss for specific management alternatives.
Zone A reflects the highest nitrogen loss potential while
Zone C reflects the lowest. Table 5 integrates climate, soil
texture, and the nitrogen fertilizer application program to
evaluate the probability of substantial nitrogen losses. To
determine the potential nitrogen loss, first the zone and the
appropriate soil texture grouping are selected. Nitrogen loss
potential is shown for four application systems.
Fertilizer nitrogen efficiency is normally highest when it is
applied close to the time of crop demand. This could include
sidedress or split nitrogen application on coarse-textured
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soils in Zones A and B, or late spring applications or sidedress
on medium and fine-textured soils in Zone A
Management considerations vary, but similar approaches
can be taken to establish qualitatively the probability of
nitrogen loss. To date this approach does not separate loss
due to leaching from denitrification, nor allow quantitative
estimates of the loss.
Information in Table 5 has been applied with soil survey
data in a computerized, retrievable form in the Soil Survey
Information System (14). This allows a field-by-field assessment of potential loss. As quantitative relationships are
established that relate N transformations to movement
through soil profiles, a computer system will be available to
assist growers with management decisions. This system
(under development) will allow field-by-field recommendation that evaluates both profitability and groundwater
impacts.
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Conclusions
All potential agricultural and non-agricultural sources of
nitrate must be considered when the effect of nitrogen
fertilizer on groundwater quality is evaluated. Management
factors discussed above need to be considered when an
evaluation is made of whether and how nitrate moves to
groundwater. The challenge is to determine how the rate of
FN can be managed to reduce loss.
Management systems need to be as flexible as possible so
that changes and adjustments can be made during the
growing season to reduce leaching and minimize fertilizer
costs. This includes development of a "real time" soil test so
growers can adjust rates of application during the growing
season.
Soil survey data can play a direct role in grower management decisions. It is possible to qualitatively interpret N loss
probability. Interpretation of soil survey data can be used
directly to help growers select management systems that
reduce movement to groundwater since the data are available
at the individual field level. Whether the data will be useful
in quantifying the movement of nitrate to the groundwater
will be determined as simulation models are verified and
computer assisted decision aids developed.
To draw final conclusions on the impacts of management
practices on groundwater will require additional research.
Management systems should be evaluated on a long-term
basis to see how they compare for a range of soil and climatic
conditions.
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Figure 2. Three climatic zones which impact nitrogen loss in
Minnesota. Zones are based on an evaluation of 30 year records of
temperature, precipitation, soil temperature, and growing degree
days.
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_Table 5. Nitrogen loss potential for Minnesota soils.

Zone A
Soil Textureb

Fall Nitrogen AQQlication
Soil temp. at 4 in. above 50°F
Soil temp. at 4 in. below 50°F
SQring Nitrogen AQQlication
Preplant
Sidedressed or split application

Zone B
Soil Textureb

Zone C
Soil Textureb

Coarse

Medium

Fine

Coarse

Medium

Fine

Coarse

Medium

Fine

V. High
V. High

Mod
Mod

Mod
Mod

V. High
V. High

Low
Low

Low
Low

Mod
Mod

Low
Low

Low
Low

High
Mode

Mod
Low

Mod
Low

High
Mod

Low
Low

Low
Low

Low
Low

Low
Low

Low
Low

• V. High: probability of substantial nitrogen loss is very high; this practice is not recommended. High: probability for substantial nitrogen loss is greater
than 60 percent. Mod: Probability for substantial nitrogen loss is 40 to 60 percent. Low: probability for substantial nitrogen loss is 30 percent or less.
b Coarse: sand, loamy sand, sandy loam. Medium: silt, silt loam, loam. Fine: clay, clay loam, silty clay, silty clay loam, sandy clay loam, sandy clay.
lnfomration concerning soi !texture and other soil characteristics is available through detailed soil surveys published by the Soil Conservation Service
and the Minnesota Agricultural Experiment Station.
c Sidedressed or split applications of nitrogen made after June 15 would have a low nitrogen loss potential.
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